Drugs currently known as calcium channel blockers (CCB) were initially called calcium antagonists because of their ability to inhibit calcium-evoked contractions in depolarized smooth muscles. Blocking the entry of calcium reduces the active tone of vascular smooth muscle and produces vasodilatation. This pharmacological property has been the basis for the use of CCBs in the management of hypertension and coronary heart disease. A major question is whether drugs reducing blood pressure have other effects that help prevent the main complications of hypertension, such as atherosclerosis, stroke, peripheral arterial disease, heart failure and end-state renal disease. Experimental studies that focus on this question are reviewed in the present paper.
INTRODUCTION
The best-identified targets of calcium channel blockers (CCB) are Ca channels located at the level of the plasma membrane and operated by cell depolarization. Those are named voltage-operated calcium channels (VOC). In resting cells those channels are usually closed; opening those channels with various stimuli allows the entry of calcium ions (Ca 2C ) according to their electrochemical gradient. Prototypes of those agents, initially named calcium antagonists, were shown to inhibit external calcium-evoked contractions in depolarized arteries, producing dose-effect curves similar to those observed in studies on the inhibition of neurotransmitter action by specific antagonists (Godfraind & Kaba 1969a) . This pharmacological property has allowed the identification of a class of agents with different chemical structures (figure 1). For the management of hypertension, three chemical types represent this class of agents: phenylalkylamines (PAA; e.g. verapamil), benzothiazepines (BTZ; e.g. diltiazem) and dihydropyridines (DHP; e.g. nifedipine). Drugs belonging to the diphenylpiperazine group are used for treating neurological disorders such as migraines, neuropathic pain, dementia and subarachnoid haemorrhage; this group will not be considered in this review that deals with the effects on hypertension and atherosclerosis.
EARLY STEPS TO THE IDENTIFICATION OF CALCIUM CHANNEL BLOCKERS
Ringer reported the need for calcium in the maintenance of cellular activity as early as 1883. Some years later, Stiles observed that calcium activates smooth muscle contraction (Ringer 1883; Stiles 1901) . The key role of calcium in intracellular functions was not perceived until 70 years later by Kamada in Japan (Kamada & Kinosita 1943) and Heilbrunn in the United States (Heilbrunn & Wiercinski 1947) .
Nowadays, it is recognized that calcium is responsible for regulating a wide range of cellular processes and is generally considered the ubiquitous second messenger. At the beginning of life, it mediates the process of fertilization. As cells differentiate to perform specific functions, Ca 2C is regulating processes as diverse as muscle contraction, exocytosis, energy metabolism, chemotaxis, neurotransmission and synaptic plasticity during learning and memory. It is also involved in pathological processes such as cardiac hypertrophy and vascular hypertrophy. Irreversible damage that occurs during cardiac or cerebral ischaemia results from prolonged elevations of [Ca 2C ] i ; the intracellular level of Ca 2C in resting cells is normally held within a narrow range of 20-100 nmol l
K1
. It is believed that dysregulation of this homoeostasis has pathological consequences in cardiovascular diseases, such as hypertension, atherosclerosis, coronary insufficiency and cardiac failure. The mechanisms involved are multiple and complex and, therefore, the therapeutic mechanism of action of drugs used to manage those diseases might involve various targets.
Investigations into the pharmacology of calcium have only begun in the last 40 years. Examination of the literature from the end of the 1950s and the early 1960s reveals that the role of calcium in physiological processes was initially quantified in smooth muscle studies (Evans et al. 1958; Durbin & Jenkinson 1961) . Edman & Schild (1961 , 1962 , 1963 , for example, showed that depolarization of a rat uterus rendered the membrane of the smooth muscle cell permeable to extracellular calcium and that the force of the contraction developed by the preparation was proportional to the concentration of calcium in the extracellular fluid. In addition, they provided evidence that acetylcholine-evoked contractions of smooth muscles were dependent on both intracellular and extracellular calcium. Similar observations were made with serotonin, histamine and oxytocin (Yukisada & Ebashi 1961) . Since this period, great advances have been made in understanding how smooth muscle contraction is regulated by calcium and this has extensively been reviewed (Ebashi 1980 (Ebashi , 1993 Somlyo & Somlyo 1994; Karaki et al. 1997; Karaki 2004) .
Studies on the influence of the extracellular concentration of Ca 2C on the action of various pharmacological agents, both stimulatory and inhibitory, have been extended to drugs classically termed antispasmodics because of their capacity to reduce smooth muscle contraction evoked by various spasmogens. The mechanism of action of antispasmodics could not be accounted for by the receptor theory, which implied that agonists and antagonists compete for the same binding site and that a given concentration of a specific antagonist could inhibit the response to only one given agonist. In order to take into account the action of such drugs that are blocked at the same concentration as the contractile response to various spasmogens, it was proposed that they could interfere with a transmembrane mechanism involving Ca 2C translocation activated by the interaction of the various agonists with their own receptors. This hypothesis implied that the targets of the blockers were membranous structures, which, when activated by depolarization, allowed the translocation of Ca 2C from outside to inside the cell. An initial experimental demonstration of this hypothesis was provided by the action of the diphenylpiperazines lidoflazine or cinnarizine which similarly inhibited the contractile response of isolated arteries to various agonists, indicating that they could interfere with the putative mechanism activated by various vasoconstrictors (Godfraind et al. 1966 . According to the indirect evidence available at that time, the calcium activating the contractile machinery subsequent to agonist stimulation could have been translocated from either the outside to the inside of the cell or within the cell from an intracellular store. To determine if the antagonism was related to one or the other of those possible mechanisms, the action of diphenylpiperazines was examined in an adrenaline-evoked contraction of arterial smooth muscle in the presence and absence of calcium. The action of the diphenylpiperazines, which was obvious in the presence of a physiological concentration of Ca 2C , was not perceived in the reduced contraction evoked in the absence of extracellular Ca 2C . The blocking of this contraction in the presence of extracellular Ca 2C supported the hypothesis that blocking calcium entry is a mechanism of a drug's action (Godfraind & Kaba 1969a,b) . For a concentration down to 10 K9 M, a dose of cinnarizine dependently displaced the calcium doseeffect curves obtained from depolarized mesenteric arteries to the right, indicating a role for depolarization (figure 2). Cinnarizine also relaxed depolarized smooth muscle that contracted in the presence of Ca 2C . To characterize the effect of diphenylpiperazines, Godfraind and colleagues (Godfraind et al. 1966; Godfraind & Kaba 1969a,b) (Fleckenstein et al. 1969) .
This mode of activation seemed particularly suitable for the radiochemical study of Ca 2C fluxes and the interaction of CCBs with calcium channels in various controlled conditions because depolarization-induced contraction is primarily maintained by a sustained increased in intracellular Ca 2C . Noradrenaline or KCl stimulations evoke a 20-fold increase in the rate of calcium influx through channels sensitive to calcium antagonists. This stimulated influx is blocked by calcium antagonists at concentrations reducing the contractile response. The inhibition of contraction may be related to the blocking of voltage-operated Ca 2C channels, since dose-effect curves relating the degree of Ca influx inhibition and contraction to the concentration of the Ca antagonist are superimposed, as has been shown for nifedipine (Godfraind 1983; Godfraind & Miller 1983) .
With the various dihydropyridines studied so far, there is a close similarity between IC50 values obtained on intact tissue and Ki values measured in binding studies performed on microsomal preparations. This shows that the pharmacological action of calcium antagonists may be related to specific binding sites. Furthermore, the use of enantiomeric pairs of dihydropyridines has demonstrated the stereoselectivity of the binding, confirming its specificity (Godfraind et al. 1986; Salomone et al. 1991) . Using the digitonin shift method to allow the identification of activities associated with the plasma membrane, it was observed that dihydropyridine-specific binding sites are associated with the plasmalemmal membrane of the smooth muscle cell, as shown by the higher amount of specific binding sites in the microsomal fraction. Binding sites have also been identified in mitochondria. Ca 2C enhances this low affinity binding at high ionic strength. This is at variance with the binding sites found on plasmalemma membranes. Furthermore, these mitochondrial sites do not exhibit stereoselectivity and are not involved in the regulation of smooth muscle tone (Salomone et al. 1991) .
Tissue depolarization induces a conformational change in the calcium channels, resulting in an increased affinity for dihydropyridines to the level found in isolated membranes. As was shown with isradipine, the Kd value obtained in depolarized arteries is similar to that reported in membrane preparations and is close to the IC50 measured after 35 min of depolarization. Both pharmacological effect and specific binding to intact tissue may show stereospecificity and voltage-dependency, depending on the molecular structure of the blocker (Morel & Godfraind 1987 , 1988 . The modulated receptor model may help to describe this interaction, assuming that channels can exist in three convertible states: the resting state (when the channel is closed but available for opening) which predominates in polarized cells, the open or activated state (which is promoted by depolarization pulses beyond a certain threshold) and the inactivated state (when the channel is closed but 
Figure 2. The effect of cinnarizine on contractions evoked by Ca 2C in K C -depolarized rabbit mesenteric arteries. Arterial preparations were pre-incubated in Ca 2C -free physiological solution depolarized in a Ca 2C -free, KCl-rich solution and then further incubated with increasing Ca 2C concentrations. Cumulative concentration-effect curves were obtained before (circle) and after (triangle) addition of cinnarizine (C) at the concentrations indicated. Responses are expressed as the percentage of maximal contraction evoked before the addition of cinnarizine. The inhibitory effect of cinnarizine is observed at concentrations as low as 1 nM and resembles the action of antagonists in receptor studies. In view of this similarity, the term 'calcium antagonist' was suggested to describe the action of cinnarizine. From Godfraind & Kaba (1969a) . unavailable for opening). The inactivated state is favoured by prolonged depolarization. Most 1,4-dihydropyridines preferentially bind to the inactivated state. If K L and K H are dissociation constants for lowaffinity and high-affinity states, respectively, and L is the fraction of channels in the resting state in the absence of the drug, the model predicts that, at any given holding potential, the concentration dependence of drug binding and, thus, of calcium current inhibition follows a simple adsorption isotherm with an apparent dissociation constant that is given by:
Therefore, depolarizing holding potentials that increase the proportion of inactivated channels but fail to open them enhance the pharmacological potency of CCBs. This might account for their selective efficacy in some disease states when the ionic environment of the vasculature is altered, resulting in a tissue-selective vasorelaxation (Morel & Godfraind 1988 , 1989 .
CALCIUM CHANNEL BLOCKERS AND CALCIUM CHANNELS
Calcium channels have been identified by combined electrophysiological and pharmacological techniques and biochemical approaches. The use of the patchclamp technique by Richard Tsien and his colleagues is a major step in the delineation of the various Ca 2C currents. Richard Tsien and colleagues (Nowycky et al. 1985; Hess et al. 1986; Fox et al. 1987a,b; Tsien & Tsien 1990 ) identified different calcium currents, which they called L, T and N. Together with molecular studies (Catterall 2000; Catterall et al. 2002) , this paved the way to an actual understanding of the role of calcium channels in biology.
There are three major pathways through which extracellular Ca 2C can enter animal cells: receptoractivated Ca 2C channels, ligand-gated Ca 2C channels and VOC. In addition, there is also evidence for more targeted sensory mechanisms of Ca 2C entry: mechanically activated Ca 2C channels, pH-activated Ca channels and temperature-activated Ca channels.
VOCs are activated by a conformational modification of the protein structure which is induced by a change in membrane potential. These channels can vary considerably in their electrophysiological properties, such as voltage-dependencies, activation/inactivation kinetics, sensitivity to extracellular and intracellular ligands, ion selectivity and single channel properties. The different electrophysiological and pharmacological properties of native VOCs led to the description of a number of distinct voltage-operated Ca 2C currents, which have been classified as L-, N-, T-, P-, Q-and R-types according to their sensitivity to membrane potential variation and the time required to reach inactivation (Sher et al. 1991) . They are complex proteins composed of four or five distinct subunits, which are encoded by multiple genes. They belong to a gene superfamily of transmembrane proteins, which also includes voltage-operated K C and Na C channels. The current classification of VOCs (table 1) is derived from the degree of sequence homology/similarity between the genes coding for the various Ca 2C channels. The channel protein is composed of multiple subunits: the obligatory a1-subunit comprises the Ca 2C pathway. The a1-subunit is the largest constituent of the final protein and incorporates the conduction pore, the voltage sensor and many modulator sites. Thus, the diversity of voltage-operated Ca 2C currents primarily arises from the existence of multiple forms of a1-subunits. High homology between the various cloned a1-subunits suggests that they evolved from a single ancestral gene. The b-, a2d-and g-accessory subunits play modulator roles. The a1-subunit is constituted of four homologous domains (I-IV), each of which contains six a-helical transmembrane segments (S1-S6). The S4 segment is rich in positively charged amino acids and it is believed to serve as the voltage sensor. The peptide chain between S5 and S6 (H5 or P-loop) lines the channel pore and constitutes the Ca 2C selectivity filter. The binding sites for dihydropyridines (DHP), phenylalkylamines (PAA), benzothiazepines (BTZ), gating-modifier toxins (T1) and pore-blocking toxins (T2) have been localized at specific sites of the channel protein.
It is worth noting that there is no specific blocker of the various Ca currents but that the various CCBs show variable selectivity when the Ca 2C current blocking ratio is analysed.
THE MANAGEMENT OF HYPERTENSION: A CHALLENGE FOR EXPERIMENTALISTS
Blocking calcium entry reduces the active tone of vascular smooth muscle and produces vasodilatation. This pharmacological property has been the basis for the use of CCBs in the management of hypertension. Hemodynamic observations in both humans and experimental animals show that CCBs have an activity profile that is different from classical arteriolar vasodilators. For instance, in humans, therapeutic regimens of CCBs evoke a reduction in blood pressure that is more pronounced in hypertensive than normotensive subjects (Leonetti et al. 1982) . On the other hand, Knorr & Garthoff (1984) have compared the activity of nitrendipine and hydralazine on the blood pressure of SHR and WKY and observed that the Table 1 . Nomenclatures of voltage-operated calcium channels (Ertel et al. 2000; Catterall et al. 2002 It is generally accepted that abnormalities of resistance arteries may play a role in the pathogenesis and pathophysiology of hypertension in experimental animals and humans. Vascular tone, which results from the contractile activity of vascular smooth muscle cells in the walls of small arteries and arterioles, is the major determinant of the resistance to blood flow through the circulation. It plays an important role in the regulation of blood pressure and the distribution of blood flow between and within the tissues and organs of the body. The increase of reactivity to vasoconstrictors observed in hypertension (Asano et al. 1993 (Asano et al. , 1995 Morel & Godfraind 1994; Liu et al. 1997; Jackson 2000; Cox & Rusch 2002 ) might be related to both the upregulation of Ca channels and the loss of K V channels. Pratt et al. (2002) have shown that arteries from SHR expressed higher levels of a 1C -subunit mRNA and protein than WKY arteries. Furthermore, arteries of SHR are depolarized when compared with arteries from WKY (Morel & Godfraind 1994 ). Therefore, not only the number of channels but also the proportion of inactivated channels is increased in hypertensive vessels, accounting for a higher specific binding of CCBs (figure 3). Those experimental data provide a rationale for explaining why CCB-evoked reduction of blood pressure is more pronounced in hypertensive than normotensive subjects. This suggests that CCBs may be considered specific antihypertensive agents rather than simple vasodilator agents, a hypothesis that is reinforced when examining their long-term effects. A major feature of the long-term action of CCBs is the prevention of the structural changes induced by hypertension in heart and arteries. It has been shown that salt is an important factor in the pathogenesis of essential hypertension. High salt intake directly affects complications of hypertension, particularly hypertensive renal disease, cerebro-vascular disease and compliance of large arteries (Messerli et al. 1997) . Another major complication of hypertension is atherosclerosis causing coronary disease that is related to the severity of hypertension. Increased peripheral intimamedial thickening and enhanced oxidation-specific low-density lipoproteins (ox-LDL) are related to blood pressure elevation. Clinical observations of Toikka et al. (2000) suggest that these changes occur early in hypertension. Oxidation of LDL resulting from increased oxidative stress is an important early event in the pathogenesis of atherosclerosis. ox-LDL has been implicated in the increased formation of fatty streaks in the arterial intima, which represent the earliest form of atherosclerotic lesion. Several randomized control clinical trials, including the international nifedipine trial on antiatherosclerotic therapy, the verapamil in hypertension and atherosclerosis study, the prospective randomized evaluation of the vascular effects of norvasc trial with amlodipine and the European lacidipine study of atherosclerosis have substantiated the inhibitory effect of CCBs on the progression of atherosclerosis associated with hypertension (for reference see Godfraind 2004) .
Experimental analysis of the therapeutic action of CCBs has been performed in long-term studies with spontaneously hypertensive stroke-prone rats (SHRSP), a salt-sensitive model of hypertension developing stroke followed by death when exposed to a high salt diet for about 10 weeks. The salt diet induces hypertrophy of the cardiovascular organs, renal failure associated with a high plasma renin activity (PRA), cerebral oedema and disorganization of the structure of cerebral arteries. Treatment with 1,4-DHP CCBs prevents SHRSP mortality. Salt-load induced cardiac and vascular hypertrophy accompany various genes' Godfraind et al. (1991) and Morel & Godfraind (1994 expression in the cardiovascular system: the levels of preproET-1 gene transcripts in the heart are significantly augmented by salt loading and a similar pattern is observed for TGF-b1 mRNA and the abundance of mRNA of b-and b-myosin-heavy high chain and skeletal and cardiac a-actin. One of the features of cardiac hypertrophy in hypertension is the extension of myocardial fibrosis. The mRNA level of type 1 collagen is also increased by salt loading. Those changes are prevented by the DHP lacidipine (Kyselovic et al. 1998 ) which also prevents the overexpression of the ET-1 gene in the vasculature and increases the vascular levels of eNOS (figure 4; Krenek et al. 2001) . Saltloading in a SHRSP induces structural and functional alterations in cerebral arteries: the normal orientation of smooth muscle cells in the media of arteries from rats exposed to a high salt diet is modified. Furthermore, there is a change in the cellular distribution within the vessel wall, exemplified by an increase in cell numbers in the adventia (Arribas et al. 1999) . Morphological and biochemical alterations are associated with functional changes. A basilar artery from an SHRSP exhibits reduced endothelium-dependent vasorelaxation and increased threshold sensitivity to the action of vasoconstrictors such as serotonin (the most important regulator of cerebral vessel tone), as illustrated in figure 5 . Such functional changes are amplified by a salt diet . High sensitivity to vasoconstrictors is probably due to the increased activation of VOCs involving ET-1 action. Indeed, as illustrated by figure 6, the contractile response recorded after salt-load is reduced in vitro by treating the vessel with bosentan, an endothelin antagonist (Salomone et al. 1996) . It is associated with an increased abundance in the mRNA of preproET-1, leading to high production of a functionally active level of endothelin in this vessel. The upper inset of figure 6 shows how the contractile response of basilar artery to serotonin is augmented in a vessel exposed to a low dose of ET-1. This increased level of endothelin after salt-load is prevented by treatment with lacidipine. Lacidipine also stimulates the activation of the endothelial nitric oxide synthase (eNOS) gene, the enzyme producing the vasorelaxant agent nitric oxide (NO; Krenek et al. 2001) . Simultaneously, the weak vasorelaxation in response to acetylcholine that is observed in a SHRSP exposed to a high salt diet is greatly augmented in arteries isolated from a SHRSP exposed to a high salt diet and treated with lacidipine (figure 4). In hypertension, this is believed to account for the improvement of reduced organ perfusion. A SHRSP exposed to salt-load not only presents endothelial dysfunction but also shows a notable augmentation of oxidative products when compared with a WKY exposed to the same diet. This is observed in paraffin-embedded serial sections of arteries immunostained and assessed for the intimal presence of ox-LDL epitopes and native apolipoprotein B (Napoli et al. 1999) . Oxidation-specific epitopes do not occur in normal arteries but small intimal lesions and vascular dysfunction are frequently found in SPSHR arteries. As shown in figure 7 , the carotid artery in the SHRSP control group that was exposed to only a salt diet contains significantly more intimal apolipoprotein B and ox-LDL epitopes than those of the groups treated with CCBs or vitamin E. The fact that not only the ox-LDL but also the native LDL decreased in treated animals is in agreement with the qualitative observation of fewer small intimal lesions in these groups. LDL peroxidation is also observed in SHRSP plasma. Lipid oxidation may be initiated by any primary free radical that has sufficient reactivity to extract a hydrogen atom from a reactive methylene group of a polyunsaturated fatty acid. Formation of the initiating species is accompanied by the rearrangement of bonds into diene conjugates. The lipid radical then takes up oxygen to form the peroxyl radical. These radicals are also capable of abstracting hydrogen from fatty acid side chains and thus perpetuating the peroxidative chain reactions. Hence, a single initiation event can result in the conversion of hundreds of fatty acid side chains into lipid monohydroperoxides or cycloperoxides. These are fairly stable molecules under physiological conditions and the cleavage of the carbon bonds during peroxidation results in the formation of alkanals such as MDA. ; p!0.05). These results demonstrate that both 1,4-DHP CCBs and vitamin E reduce the total amount of lipid oxidative compounds in the bloodstream. In general, all measures of lipid oxidation are lower in normotensive WKY than in control SHRSP. Proteins are particularly susceptible to direct attack from oxygen radicals and peroxidative intermediates such as alkoxyl and peroxyl radicals. In some experiments by Napoli et al. (1999) , LDL was oxidized and its relative electrophoretic mobility in agarose gel was evaluated in order to investigate whether the presence of CCBs could also protect apolipoprotein B from oxygen radical-induced damage. The agarose gel mobility of LDL from a WKY subjected to X/XO oxidation is reduced compared with LDL from control SHRSP. The mobility of LDL from a SHRSP treated with 1,4-DHP CCBs or vitamin E is significantly reduced down to the level of LDL from a WKY. The degree of modification of protein amino groups inducible by (1997) .
.). (Data recalculated from
X/XO was tested using trinitrobenzene sulphonate (TNBS). When control LDL of a SHRSP was incubated with oxygen radicals, about 20% of TNBS reactivity was lost. The loss of TNBS reactivity was significantly smaller in animals treated with 1,4-DHP CCBs or vitamin E compared with both control groups, indicating that fewer lysine residues of apolipoprotein B were oxidatively modified. Moreover, lacidipine and vitamin E were more effective than nifedipine in the prevention of apolipoprotein B modifications. Thus, treatment with CCBs conveys significant protection against plasma and LDL oxidation (both lipid and protein components) and formation of oxidation-specific epitopes in the arterial wall. Treatment of SHRSP with vitamin E had a similar effect on the development of oxidation products but it reduced mortality to a lower extent than CCBs did. ApoE-deficient mice develop spontaneous atheromatous lesions that are morphologically similar to those found in humans. Lesions form in a reproducible manner and the transition from a lipid-laden lesion to fibrous plaque can be evaluated. Oxidative modification of LDL has been implicated in atherogenesis. n n Figure 6 . The response of the basilar artery, isolated from a SHRSP exposed to a salt diet, to the calcium channel activator Bay K8644 is reversed by bosentan, an endothelin antagonist. Lower panel left: note ET-1 mRNA over-expression in the vessel wall showing that functional ET-1 was produced locally. Higher panel right: note the increased response to 5HT in the basilar artery isolated from WKY and bathed with ET-1 (10 K9 M). Data from Salomone et al. (1996) and unpublished experiments.
and the acceleration of atherogenesis by in vivo delivery of the gene for 15-lipoxygenase, an oxidizing enzyme present in atherosclerotic lesions. Pratico et al. (1998) have reported that oxidative stress is increased in the ApoE K/K mouse and can be suppressed by oral administration of vitamin E, reducing the evolution of atherosclerosis without reducing elevated cholesterol. Feeding animals dietary fat and cholesterol may accelerate the progression of lesion development. In atherosclerosis, lesion formation depends upon calcium-regulated cellular processes such as chemotaxis, adhesion, migration, proliferation, lipid uptake and necrosis. As was reported by Henry (1990) , interventions acting on cell calcium uptake including treatment with calcium chelating agents, lanthanum trichloride and calcium antagonists may retard atherogenesis in fat-fed animals in the absence of hypolipidaemic effects. Spontaneous hypercholesterolaemia and atherosclerotic lesions of ApoE-deficient mice are augmented by a lipid-rich Western-type diet (WD) (Nakashima et al. 1994) . Moreover, even on a normal diet (ND) these mice exhibit several functional alterations of the cardiovascular system, including endothelial dysfunction (Plump et al. 1992; Bonthu et al. 1997; Barton et al. 1998; d'Uscio et al. 2001 ) that has been proposed to trigger initial molecular and cellular events in atherogenesis Barton & Haudenschild 2001) . This dysfunction may be evidenced by reduced endothelial nitric oxidemediated vasorelaxation which influences vascular tone and hemodynamics (d 'Uscio et al. 2001) . Impairment of endothelial function in ApoE K/K mice has been attributed to a reduction of endothelial NOsynthase activity and an increased production of O K 2 causing inactivation of NO (d 'Uscio et al. 2001) . In this animal model, the development of atherogenesis is associated with increased peroxidation of plasma lipids, LDL and VLDL, as well as increased susceptibility of lipoproteins to be oxidized ex vivo (Hayek et al. 1994 ).
Experimental studies in isolated mouse vessels have shown that ox-LDL and superoxide impaired endothelial NO function ( Jiang et al. 2001; Lu & Kassab 2004) .
In recent experiments from our group (Kyselovic et al. 2004 (Kyselovic et al. , 2005 , ApoE K/K mice (six weeks old) were exposed to either a ND or a WD (adjusted calories diet containing 42% fat) for eight weeks. Vascular reactivity was examined in isolated aorta arch rings pre-contracted by noradrenaline and relaxed in the presence of acetylcholine or SNAP after blocking NO-synthase. The WD induced a reduction of NO-mediated, endothelium-dependent relaxation to acetylcholine (max. relaxation %Z55.8G2.7 for ND and 46.6G2.0 for WD, nZ8, p!0.001). Doserelaxation curves to SNAP, a NO donor, were also significantly shifted to the right (nZ7, p!0.01) in WD compared with ND arteries. Chronic treatment of WD mice with lacidipine (1 mg kg K1 a day) significantly increased the acetylcholine-evoked relaxation (to 76.6G3.4%, nZ10, ANOVA, p!0.001) and prevented the loss of responsiveness to SNAP in ApoE KO mice exposed to a WD. Thiobarbituric acidreactive substances (TBARS), markers of oxidative stress, were estimated according to Ohkawa et al. (1979) . TBARS were significantly lower in the kidneys of ApoE KO mice treated with lacidipine than in untreated ones ( p!0.001).
Lacidipine, which prevents endothelial dysfunction, also prevents the development of atherosclerosis in ApoE KO mice as shown in figure 8 . This effect might involve several mechanisms, including a reduction in reactive oxygen species (ROS) effects-an action occurring without high cholesterol reduction. Indeed, as reported above, CCBs including lacidipine reduce plasma and LDL oxidation as well as the formation of oxidation-specific epitopes in the arteries of SHRSPs (Napoli et al. 1999) . More recently it has been reported that the resistance of mouse plasma LDL to Figure 8 . Gross appearance of the atherosclerotic lesions in the aorta of apoE-deficient mouse exposed to a Western-type diet for 20 weeks without (upper panel) or with lacidipine (lower panel). Whole aortas (from heart to iliac bifurcation) were placed into cold (4 8C) physiological solution. They were photographed against a black background in a standard fashion, allowing plaques and even minor fatty streaks to appear whitish in contrast to the darker, opaquely transparent normal tissue. Note the reduced number of fatty streaks in an aorta from a mouse treated with lacidipine.
undergoing lipid peroxidation was significantly increased in ApoE-deficient mice treated with lacidipine (Cristofori et al. 2004) . Lacidipine-induced reduction of TBARS levels, indicating decreased oxidative stress in ApoE-deficient mice exposed to a WD, is consistent with observations of SHRSPs exposed to a salt-diet (as reported above) that have illustrated both the in vivo and ex vivo antioxidant effects of lacidipine (table 3) . Antioxidants improve NO-dependent relaxation (d 'Uscio et al. 2001; Sato et al. 2002) . Therefore, it is likely that lacidipine prevented the reduction of endothelium-dependent vasorelaxation and the loss in sensitivity to the NO donor SNAP observed in aortic arches isolated from mice exposed to a WD by reducing oxidative stress. ApoE K/K mice have been used to test the effects of various drugs which do not act on plasma cholesterol levels but which might interfere with the oxidative stress within the arterial wall on atherosclerosis. Such studies have provided indirect evidence that the reninangiotensin system could be involved in the pathogenesis of atherosclerosis in ApoE K/K mice, since either inhibiting angiotensin converting enzyme activity or blocking angiotensin type 1 receptors resulted in a decrease in the development of atherosclerotic lesions (Keidar et al. 2000; Prasad et al. 2000) . Direct evidence has been provided for the proatherogenic role of angiotensin II in ApoE K/K mice. It was shown that for the same increase in blood pressure, angiotensin II administered via osmotic minipumps for eight weeks evoked a significantly larger atherosclerosis than did norepinephrine (Weiss et al. 2001 ). Our studies demonstrate that PRA was increased in SHRSPs exposed to a salt diet and in ApoE K/K mice exposed to a WD (Kyselovic et al. 2003) . According to Muller et al. (1998) the uptake of circulating renin by cardiac and vascular tissue allows local production of functionally active angiotensin II. Angiotensin II may play a role in the development of vascular alterations leading to stroke or atherosclerosis, probably via its effect on activation of oxidative stress (leading to increased oxidized LDL incorporation into the vascular wall) and its proinflammatory action (Schiffrin 2002) . Furthermore, angiotensin II increases vascular ET-1 levels (Krenek et al. 1999; Hsu et al. 2004) . This cascade appeared to operate in vivo. In SHRSPs exposed to a salt diet, we observed that ET-1 plasma levels accompanied PRA levels. In ApoE-deficient mice, a WD evokes an increase in ET-1 plasma levels (Kyselovic et al. 2003 ) and a significant correlation has been reported between plasma ET-1 values and the extent of atherosclerotic lesions (Cristofori et al. 2000) . Furthermore, endothelin antagonists may reduce the development of atherosclerosis, indicating a role for this peptide in the pathogenesis of this process (Barton et al. 1998) .
Experimental observations in both SHRSP and ApoE-deficient mice show that CCBs may reduce the consequences of oxidative stress. Potential mechanisms involved are considered in the next section.
ANTIOXIDANT EFFECTS AND PROTECTIVE ACTION OF CALCIUM CHANNEL BLOCKERS
Antioxidants are defined as substances that, when present at a low concentration relative to an oxidizable substrate, significantly delay or prevent oxidation of that substrate. Living organisms have evolved a number of antioxidant defences to maintain their survival against oxidative stress. Antioxidant mechanisms can be divided into two major classes based on their mode of action: antioxidant enzymes and non-enzymatic antioxidants (scavengers). The class of antioxidant enzymes consists of superoxide dismutase (SOD), catalase and glutathione peroxidase. Dismutation of O K 2 by SOD produces H 2 O 2 (a more stable ROS) which, in turn, is converted to H 2 O by catalase and glutathione peroxidase. Non-enzymatic scavengers comprise vitamins (a/o C and E), sulphydryl groups (glutathione, etc.), flavonoids, albumin and other proteins. An antioxidant effect may result from either activation or mimicry of antioxidant defences. Alternatively, it may be due to interaction with factors involved in the activation of oxidative stress. Oxidative stress describes the injury caused to cells by the oxidizing of macromolecules resulting from increased formation of ROS and/or decreased antioxidant reserve. Oxidant stress contributes to vascular diseases by promoting vascular smooth muscle proliferation, monocyte/macrophage infiltration, vascular tone alteration and matrix metalloproteinases activation. A membrane-bound NADH/NADPH oxidase, the major source of ROS in blood vessels, is activated in rats with induced hypertension via prolonged angiotensin II infusion (Zalba et al. 2001) . This increase in superoxide anion production contributes to impaired endothelium-dependent relaxation, the hypertension being ameliorated by treatment with membrane-targeted forms of SOD (which is one of the major cellular defences against superoxide anion). Hypertrophy of vascular smooth muscle cells caused by angiotensin II is mediated by ROS derived mainly from the membrane-bound NADH/NADPH oxidase. Similarly, a recombinant heparin-binding SOD acutely lowers blood pressure in spontaneously hypertensive rats (Nakazono et al. 1991) . Taken together, these findings indicate that oxidant stress critically contributes to the pathogenesis of hypertension and its related vascular disease (Griendling et al. 2000) . Enhanced Table 3 . Ex vivo peroxidation of LDL prepared from the plasma of rats exposed to various treatments. (Plasma samples were taken and LDL was isolated by ultracentrifugation. LDL was then exposed to oxygen radicals generated by a xanthine/xanthine oxidase reaction (2 mmol l K1 xanthineC100 mU ml K1 xanthine oxidase) and the rate of oxidation was determined.
Ã denotes results that are statistically different from SHRSPs exposed to a salt diet only. Data from Napoli et al. (1999) production of ROS contributes to the dysregulation of physiological processes, which leads to structural and functional alterations observed in hypertension and atherosclerosis. Enzymatic sources of ROS in the vascular wall that play a functional role in hypertension are NAD(P)H oxidase, NO synthase (NOS), xanthine oxidase and cyclooxygenase. Several experimental observations have shown an enhanced superoxide generation as a result of the activation of vascular NAD(P)H oxidase with shear stress (Hwang et al. 2003 ). Several authors have described the antioxidant properties of CCBs as being due to either a direct scavenging effect or the preservation of the SOD activity. Observations reported above indicate that CCBs may also act by reducing the production of angiotensin and endothelin. Under controlled experimental conditions, they may inhibit lipid peroxide formation at concentrations present in plasma. This antioxidant activity is found with high lipophilic CCBs when their chemical structure facilitates protondonating and resonance-stabilization mechanisms that quench the free radical reaction. Inserted in a location in the membrane near polyunsaturated fatty acids at relatively high concentrations, dihydropyridines are capable of donating protons to lipid peroxide molecules, thereby blocking the peroxidation process. The remaining unpaired free electron associated with the CCB molecule can be stabilized in well-defined resonance structures associated with the dihydropyridine ring (Mason 2002) . The reaction that describes the antioxidant effects of a dihydropyridine (DHP) CCB is as follows (in which LOO Ã represents a lipid peroxide molecule):
The antioxidant capacity of any chemical compound can be measured in vitro. According to Ursini (1997) , for all dihydropyridines, the constant rate for the interaction with peroxyl radicals is three orders of magnitude lower than that of the vitamin E derivative and, therefore, all these molecules must be considered rather weak antioxidants. However, it is worth considering the binding to specific structures and the partition coefficient of membranes which provides a high local concentration.
The antioxidant action of CCBs has been demonstrated in other experimental setups. Berkels et al. (2001) have reported that treatment of the endothelium with dihydropyridine calcium antagonists resulted in an increased release of NO that is not due to a modulation of L-type calcium channels because macrovascular endothelial cells do not express this channel. In their study, Berkels et al. investigated how long-term (48 h) treatment of porcine endothelial cell cultures with nifedipine resulted in enhanced NO liberation. Regarding the underlying mechanism, they examined whether nifedipine changed the mRNA and protein levels of the constitutive endothelial NOS in endothelial cell cultures or whether it exerted an NO protective effect via its antioxidative properties, as revealed in a cell culture model and with native endothelium from porcine coronary arteries. They observed that nifedipine induced a significant timeand concentration-dependent increase in the basal NO liberation that was not due to elevated eNOS mRNA and protein levels. However, at the same concentration, nifedipine significantly reduced the basal and glucosestimulated formation of ROS, indicating that nifedipine might protect released NO from oxidation by ROS. They concluded that this increased NO availability may cause part of the vasodilation and might contribute to the antithrombotic, antiproliferative and antiatherosclerotic effects of dihydropyridine calcium antagonists.
In SHRSPs exposed to salt load and treated with CCBs or vitamin E, Napoli et al. (1999) have observed a marked reduction in the presence of oxidationspecific epitopes in carotid and middle cerebral arteries (figure 7). This reduction was unrelated to the degree of decrease in elevated blood pressure and was similar to the action of vitamin E that was without effect on blood pressure. Like vitamin E, nifedipine and lacidipine reduced the rate of LDL oxidation measured in the blood ex vivo (table 3) . In contrast to lacidipine, vitamin E did not lower cardiac weight in salt-loaded SHRSPs, although it did convey strong antioxidant protection. It proved far less effective than CCBs for mortality reduction. In an ApoE knockout study by Thomas et al. (2001) , supplementation with 0.2% Vitamin E alone had a moderate antiatherogenic effect in the aortic root only, whereas Pratico et al. observed am approximately 60% decrease in the aortic lesion area. Several differences between the two studies may explain the apparent discrepancy. Thomas et al. used a high-fat diet which resulted in a total plasma cholesterol of approximately 845 mg dl K1 whereas Pratico et al. used a ND and reported plasma total cholesterol of approximately 500 mg dl K1 . In SHRSPs exposed to salt diet, the vitamin E treatment gave strong antioxidant protection. However, it proved far less effective than CCBs on mortality, suggesting that the antioxidant effects of these compounds may be responsible for only part of the beneficial effect and that reduction of blood pressure plays an important role. This conclusion is valid for both hypertension and atherosclerosis.
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